ABSTRACT As part of an analysis of the genetic structure of Aphis gossypii Glover, one of the most polyphagous aphids and a pest of global agricultural importance, the ITS2 rDNA region was sequenced and compared among 38 Japanese aphid clones with different life cycles, host preferences, and insecticide susceptibilities. The preference of each clone for cucumber (Cucumis sativus L.), eggplant (Solanum melongena L.), citrus (Citrus unshiu Marcovitch), and pear (Pyrus pyrifolia Nakai) as a host was tested. About two thirds of the clones preferred cucumber or eggplant. No other particular combination of host plants was preferred. Five types of life cycle were found: holocyclic I, holocyclic II, intermediate, androcyclic, and anholocyclic. Each clone showed a different level of susceptibility to each of three insecticides. Apparent correlation between the various attributes was not found. Phylogenetic trees constructed from internal transcribed spacer 2 sequences showed ambiguous relationships between genetic differentiation and host preference.
evolution of all this intraspeciÞc variation, it is important to determine the genetic relationships between different strains of the A. gossypii complex. The internal transcribed spacer (ITS) 2 region of rDNA has been studied in many species of insects because its high level of sequence variation facilitates the identiÞcation of cryptic species groups (Beebe et al. 1999) or species complexes (Campbell et al. 1993 , Paskewitz et al. 1993 . We studied variations in Japanese A. gossypii clones in terms of life cycle traits, host preference, insecticide susceptibility, and genetic differences inferred from the ITS2 rDNA sequence. The results of our study could yield important basic information for forecasting and managing this pest species.
Materials and Methods
Aphids. Aphids were collected from several locations in Japan and reared in our laboratory. In addition, aphid clones with unique traits were obtained from the research project Forecasting the Insecticide Resistance of Aphids that was Þnancially supported by Ministry of Agriculture, Forestry and Fisheries and that involved the Shizuoka, Nara, Hiroshima, Saga, and Nagasaki prefectural research institutes from 1994 to 1997. Several other aphids were collected, and clonal lineages were established from one apterous parthenogenetic female. The origins of all aphids tested are listed in Table 1 . To prevent cross-contamination, the A. gossypii lines were kept on detached leaves of pumpkin (Cucurbita)ÔAzumaebisunankinÕ and potato (Solanum) ÔDanshakuÕ in separate Perspex boxes in a growth chamber. They were cultured at 18ЊC under a photoperiod of 16:8 (L:D)-h regime before being transferred to each experimental condition. The clone collected from Rubia (No. 29) did not propagate on the culture plants or cucumber, so germinated broad beans (Murai et al. 2001 ) were used to maintain this particular clone.
Host Preference. Four plant speciesÑpear (Pyrus pyrifolia Nakai) ÔKoshiyuÕ, citrus (Citrus unshiu Marcovitch) ÔAoshimaÕ, cucumber (Cucumis sativus L.) ÔHokushinÕ, and eggplant (Solanum melongena L.) ÔSenryouÕÑwere used in the experiments. These plants were selected because A. gossypii strains preferring eggplant and cucumber are known to exist (Saito 1991 , Ando et al. 1992 , whereas pear and citrus are economically important fruit trees that suffer severe aphid damage. Each plant was grown in a pot in a growth cabinet at 20ЊC under a 16:8 (L:D)-h photoperiod. Four-leafed cucumber and eggplant, or the young shoots of citrus and pear trees, were used as test plants. Aphids were collected from pumpkin culture except in two cases when apterous adults could not be collected (Table 3) . Five apterous adult aphids were collected from the stock culture of each clone and transferred onto each test plant. The number of aphids on each test plant was counted at 3, 7, and 14 d after the initial transfer. A plant was arbitrarily classiÞed as a suitable host if its aphid population had multiplied by a factor of 40 (i.e., a propagation ratio of Ͼ40) 2 wk after inoculation. When the propagation ratio ranged from 0 to 10, the host was classiÞed as unsuitable. If the population growth was intermediate (a propagation ratio from 10 to 40), the test was continued for a further generation (1 wk more), and in some cases it was replicated before the suitability of a host plant was decided by the same criterion.
Life Cycle. An apterous adult aphid was collected from the stock culture and placed in a growth cabinet under long night, low temperature (8:16 [L:D], 15ЊC) conditions. Detached leaves of cucumber or potato were used as food. The nymphs produced were allowed to mature, and three apterous adults were collected from among them to serve as the parent generation. The aphids were reared for two generations in this way, and their life cycle pattern was determined by the appearance or absence of sexual forms. In each generation, the particular aphid morph was determined after maturation. Winged females occurring in the Þrst generation (G1) were mainly selected for parents of the G2 generation. When apterous females exclusively occurred, the test was stopped and the life cycle pattern was determined as either anholocyclic or androcyclic. In addition to cucumber or potato leaves, mature H. syriacus leaves attached to short twigs were supplied to winged females because this plant is known to attract many different clones (Takada 1988) .
Insecticide Susceptibility. Our method broadly followed Hama (1987) , and it was based on Food and Agriculture Organization recommendations. Fifty wingless parthenogenetic adult females were collected from each culture line. They were conÞned in a plastic cup (4 cm in diameter ϫ 4 cm in depth), which was then covered with gauze and dipped in insecticide solution for 10 s. A 0.02% dilution of Triton X-100 was added to help dissolve the insecticide solution; it was also added to the control water. The cup was then turned upside-down onto a paper towel, which absorbed the solution. The gauze was then removed and the cup was covered with paraÞlm, on top of which a few drops of 15% sucrose solution were placed, followed by another layer of paraÞlm. Aphids were maintained at 20ЊC for 24 h, after which the mortality rate was recorded. The observed mortality was then corrected by the control. Insecticides from three different groups were used: fenpropathrin EC 100 ppm (pyrethroid), 400 ppm fenitrothion WP (organophosphate), and 240 ppm pirimicarb WP (carbamate), all of which were obtained as commercially mixed compounds. An aphid clone was classiÞed as susceptible to an insecticide if the mortality after exposure to it was Ͼ90%.
Analysis of ITS2 Region. DNA was extracted from Þve parthenogenetic adult females by crushing them in 200 l of buffer (0.1 M Tris-HCl, pH 7.5, and 0.1 M EDTA, pH 7.5) with 1% SDS and 20 g of proteinase K, incubating the mixture in a water bath at 65ЊC for 20 min, and then purifying it with a phenol-chloroform treatment followed by ethanol precipitation. Polymerase chain reaction (PCR) was performed in 20-l reactions containing 0.5 l of template DNA (Ϸ25 ng), F1  GGT AAG ATT CGT CAC CAG AC  F2  CGA TAG AAT CTT GCT TCC CAG  F3  ATA TAT ATT AAG TAT AAC AAA CTT TA  R1  TAT CTT ATC GCG AAT GAT ATT TTG TTA  R2  CTG GGA AGC AAG ATT CTA TCG  R3 TGT GCA AAA AAT GCA CAG TAT ACA 0.5 U of TaqDNA polymerase (TaqGold, Applied Biosystems, Foster City, CA), buffer (15 mM Tris-HCl and 50 mM KCl), 3 mM MgCl 2 , and 0.2 mM dNTPs with 10 pmol of 5Ј-TGT GAA CTG CAG GAC ACA TG-3Ј (forward) and 5Ј-AAT GCT TAA ATT TAG GGG GTA-3Ј (reverse) primers (Campbell et al. 1993) . The thermal conditions were 95ЊC for 9 min and then 40 cycles of 94ЊC for 1 min, 50ЊC for 1 min, and 72ЊC for 2 min, followed by 72ЊC for 7 min. AmpliÞed fragments of Ϸ1 kb were recovered by cutting the appropriate band in a 1.5% agarose gel after electrophoresis, puriÞed with a Suprec01 (Takara, Japan) Þlter cartridge and ethanol precipitation, and then dissolved in 20 l of distilled water. The nucleotide sequence of each fragment was analyzed directly with the ABI PRISM377 DNA sequencer using the Big Dye terminator kit (Applied Biosystems). The nucleotide sequences were analyzed separately in parts ranging from 300 to 400 bp by using inner primers (Table 2) and read twice in both directions.
Construction of the Phylogenetic Tree. The sequence of ITS2 in the aphid was often heterozygous (see Results). In general, for the analysis of a heterozygous sequence, several DNA clones are analyzed and their sequences are compared against each other. In this case, the ITS2 region is in an rDNA that is multicopy gene; thus, each copy must be analyzed in many DNA clones. But this would require a huge effort, and, because many sites were heterozygous, it would not be expected to produce a good result. We therefore analyzed the directly sequenced data including heterozygous sites. These data were analyzed by PHYLIP version 3.2 (Felsenstein 1989 , distributed by the author, Department of Genetics, University of Washington, Seattle, WA) with the maximum likelihood (DNAML program), parsimony (DNAPARS), and neighbor joining (Neighbor) methods for phylogenetic tree construction. These programs were run with default parameters and robustness was tested by 1,000 bootstraps. In addition, the Bayesian method 
Results
Host Preference. Eggplant, cucumber, pear, and citrus were preferred by 16, 11, 17, and 13 aphid clones, respectively (Table 3 ). Approximately two thirds of the aphid clones accepted either cucumber or eggplant (although only two clones, 06 and 08, preferred both), and a similar proportion accepted fruit trees. No signiÞcant correlations of preferred host combinations were detected by chi-square test (P Ͼ 0.5). Several clones accepted either citrus or pear or both. No clones accepted all four hosts. Several clones that had collected from citrus (16 and 17) or pear (09, 23, 24, and 28) did not accept these hosts during the experiment. Two clones (03 and 04) isolated from chrysanthemum increased their numbers on cucumber. Three clones did not accept any of the test plants. One of these (26) was collected from the primary host C. orbiculatus. Life Cycle Patterns. Table 4 shows the life cycle pattern of each clonal lineage. All types of life cycle pattern occurred, as reported by Takada (1988) . Clones exclusively producing both males and oviparae were classiÞed as holocyclic. Two different patterns were observed in the holocyclic life cycle. Type I (holocyclic I) oviparae were produced by Þrst-generation winged females and type II (holocyclic II) oviparae were produced by apterous parents. Clones producing only parthenogenetic females were classiÞed as anholocyclic (Ah), and those producing males in addition to parthenogenetic females were classiÞed as male-producing intermediate (Ad, androcyclic). Clones producing several males and oviparae in addition to many parthenogenetic females were classiÞed as intermediate (Im) . The clone collected from Rubia cordifolia L. (29) was not tested because it did not reproduce on the experimental hosts used, but Inaizumi (1981) ) and Takada (1988) reported that it is holocyclic, producing wingless gynoparae and wingless males.
Insecticide Susceptibility. Clone 29 was not tested for insecticide susceptibility because of its poor reproduction on broad beans. The organophosphate insecticide (fenitrothion) was ineffective against three clones, whereas 34 clones were susceptible to it (Table  5) . Pyrethroid (fenpropathrin) was ineffective against nine clones and effective against 28. Carbamate (pirimicarb) was ineffective against 24 clones and effective against 13. Clones characterized by their resistance to each insecticide frequently had different life cycle patterns and host preferences. No clones developed resistance to all three insecticides. ITS2 Sequence. ITS2 and its ßanking regions of 1018 bp (clone 29) or 1016 bp (others) were ampliÞed with the primers. The GC content of this region ranged from 30.9 to 31.8%, and 25 sites were variable. Heterozygous bases were detected in all divergent sites. Variation among individuals within the same clone was not likely because the same heterozygosity was seen when individually extracted DNA was used as the template. The ITS region is known to exhibit high levels of intraspeciÞc variation (Harris and Crandall 2000) , and Fenton et al. (1998) reported a single aphid genome possessing two haplotypes in rDNA ITSs. We conÞrm that this is indeed the case. The same sequence was observed among clones 10 and 26, and another sequence was found to be the same among clones 12 and 37. The life cycle, host preference, and insecticide susceptibility differed among all of these clones. The nucleotide sequence of samples have been deposited in GenBank under accession number AB259558 (clone 01) and from AB369122 to AB369158 (from clone 02-38).
Constructed Phylogenetic Tree. The phylogenetic trees that we constructed using the maximum likelihood Fig. 1 by using the clone found on R. cordifolia (29) as an outgroup. The robustness of the tree was not so high, as determined by the bootstrap method. The parsimony method and the Bayesian method yielded no meaningful information about differentiation among the clones. These Þndings may suggest that the differentiation inferred from the ITS2 sequence is not reliable. Only clones 01 and 27 clade was supported with high robustness. These clones were collected on H. syriacus from different points, and they have a holocyclic life cycle. We did not test the life cycle pattern of 27, but Y. Narai previously tested it and conÞrmed it had the HItype life cycle (personal communication). They might be overwintering on Hibiscus syriacus.
Discussion
It was reported that cucumber-preferring clones formed a clade in the phylogenetic tree inferred from Fig. 1 . Phylogenetic tree inferred from the nucleotide sequence of the ITS2 region of rDNA. The Þrst column of Þgures shows clone numbers, and the next column indicates preferred host plants: P, pear; E, eggplant; C, cucumber; S, citrus, and R, Rubia. N indicates that none of the tested plants were preferred. The next column shows life cycle: HI, holocyclic type I; HII, holocyclic type II; Ah, anholocyclic; Ad, androcyclic; and Im, intermediate. The last column shows insecticide susceptibility: O, P, or C combined with R shows resistance to fenitrothion, fenpropathrin, and pirimicarb, respectively; S shows susceptibility to all test insecticides. ? indicates not tested. Values below the branches refer to bootstrap percentages (1,000 replicates). ML, result of the maximum likelihood method; Nj, result of the neighbor joining method. rapid ampliÞcation of polymorphic DNA (RAPD) polymorphism (Komazaki and Osakabe 1998) . Vanlerberghe-Masutti and Chavigny (1998) also reported a cucurbit-preferring group in aphids from southern France, again using a phylogenetic tree inferred from RAPD polymorphism. The two clones preferring both eggplant and cucumber were more closely related to each other. Cucumber was the most common host of anholocyclic forms found in Japan and China, although holocyclic forms also prefer cucurbits (Inaizumi 1981 , Takada 1988 , Zhang and Zhong 1990 . These data support the existence of Cucurbitaceaepreferring strains even though they have different life cycle patterns. A cucurbit preference may have evolved separately from an eggplant preference. Takada and Murakami (1988) suggested a relationship between cucurbits and pear populations because of their similar insecticide resistance characteristics. Our results do not show a close relation between preferences for pear and cucumber.
In United Kingdom aphid populations, a differentiation of host preference between cucumber and chrysanthemum populations has been observed (Furk and Hines 1993) . Nevertheless, Japanese chrysanthemum populations prefer cucumber over pear, citrus, and eggplant. This suggests that the genetic composition of the aphid populations between the two countries is different, probably as a consequence of the natural history of the aphid, particularly its range expansion.
Host preference is thought to be a complex phenomenon requiring the interaction of many genes. Host-associated aphid genotypes were reported in several species (Sunnucks et al. 1997 , Shufran et al. 2000 , Anstead et al. 2002 . Diversity in the cotton aphid should be studied using a molecular marker other than the ITS2 region.
Holocyclic clones that produced wingless gynoparae (or sexupara) and winged males were found in this study (holocyclic II). This phenomenon was initially observed by Y. Narai at the Shimane Agricultural Experimental Station (unpublished data) in a clone taken from Japanese pear. Three of the clones that we tested produced wingless gynopara. Wingless gynoparae are common in monoecious (nonhost-alternating) species. The collected host plants of these aphids were eggplant, citrus, and strawberry in our experiments, they preferred eggplant or pear. However, of these plants, only citrus is a primary host of A. gossypii. Populations overwintering on and infesting citrus plants during the summer have been reported in Japan (Komazaki et al. 1979 ), but wingless gynoparae have not been found. Exactly what plants these clones overwinter on remains an open question. A gene controlling wing polymorphism could act in the aphid (Caillaud et al. 2002) .
A correlation between host plant preferences and insecticide resistance was reported previously (Furk et al. 1980 , Saito 1989 ). In our study, however, there are no apparent relationships between host preference and insecticide resistance. This demonstrates that the genes relating to host preference are different from those involved in insecticide resistance, but they may in some cases seem closely related. It is likely that many genes interact to confer insecticide resistance, because numerous factors, such as the activity or amount of detoxifying enzymes or target protein susceptibility, cause resistance to insecticides (Delorme et al. 1997 , Hama and Hosoda 1988 , Suzuki and Hama 1994 , Toda et al. 2004 , and they could have emerged as strong selective forces in recent years (see Andreev et al. 1999) . To clearly understand the nature of this relationship, the insecticide resistance and host preference genes need to be studied individually using other methods, such as analysis of resistance-conferring genes (Anstead et al. 2005) or microsatellite loci (Vanlerberghe-Masutti et al., 1999) .
